We developed a deterministic, multi-period linear programming (LP) model of the dual-purpose (milk-beef) 
INTRODUCTION
The dual-purpose system has been described as 'the traditional cattle production system in the lowland tropics of Latin America in which local cattle of mixed Zebu, Criollo, and European inheritance are used for the production of milk and meat' (Sere & de Vaccaro, 1985) . The typical dual-purpose farm in Latin America is a family-owned and -operated enterprise with small capital investment located on marginal land with few alternative uses under current infrastructure and market conditions. Management practices on dual-purpose farms often lack the sophistica tion of specialized operations; few farmers keep formal records, uncon trolled natural mating is predominant, and hand milking is performed once daily with calves present. Notwithstanding the marginal conditions facing many dual-purpose producers, dual-purpose farms supply much of the milk produced in most of Latin America. For example, in Nicaragua, Panama, and Colombia, dual-purpose farms provided an estimated 75%, 67%, and 86%, respectively, of national milk production in the late 1970s and early 1980s (Sere & de Vaccaro, 1985) .
Why are dual-purpose operations so important in Latin America when specialized, intensive dairy farms are the rule in the US and Europe? A combination of climatic, nutritional, and economic constraints severely restricts the efficiency of specialized, intensive production of milk in trop ical ecozones. Many Latin American countries have relatively small high land areas that are better suited to intensive milk production. However, these highland areas typically provide greater net returns when dedicated to agricultural enterprises other than livestock. Milk production in the highland areas of Latin America has remained important, but milk and beef production are increasingly located in tropical lowland areas.
Despite the significant contributions of dual-purpose farms to meeting the milk and beef demands of Latin American countries, few empirical studies or models of the dual-purpose system exist. Problems that require more detailed study include meeting nutritional requirements for dual purpose animals, the optimal mix of milk and beef production, the allo cation of seasonally variable pasture production among milking, growing, and beef animals, and the allocation of milk as an intermediate input to calves (which generates long-term benefits) versus its sale as a final prod uct (which generates short-term financial benefits). Assessing the impacts of changes in government policies on the production and profitability of dual-purpose farms is also an important area of study, because structural changes and sectoral reforms in the 1980s have transformed the policy environment for agriculture throughout Latin America.
Previous studies of the dual-purpose system have focused on the key role of nutritional factors in limiting productivity and profitability (Franco, 1987; Townsend et al., 1990) . Our objectives were to develop a more de tailed optimization model of the dual-purpose production system in the humid lowlands of western Venezuela and to use it to evaluate alterative nutritional management strategies, to simulate the impacts of alternative farm resource availabilities, and to assess changes in production and profitability resulting from large changes in output prices and input costs.
AN OPTIMIZATION MODEL OF DUAL-PURPOSE CATTLE PRODUCTION
Our model is a deterministic, multi-period linear programming (LP) model of a representative dual-purpose farm in the Sur del Lago region of western Venezuela. The dual-purpose herds we studied in western Venezuela contrast in some ways with the generic description of dual purpose farms elsewhere in Latin America. In general, farms in this region were larger, devoted more effort to managing nutrition and reproduction, Sere & de Vaccaro (1985) for Honduras, Costa Rica, Panama, Bolivia, Colombia, Brazil, and Venezuela.
Animal units. Calculated using 1·0 units for cows and steers 3-4 years, 0·6 units for heifers and steers 1-2 years, and 0·9 units for heifers and steers 2-3 years. C and employed more hired labor (Table 1) . We selected 22 Sur del Lago farms of 157 total farms surveyed by Holmann (1989 Holmann ( ) in 1987 Holmann ( and 1988 as the basis for the programming model. These farms were more repre sentative of dual-purpose farms elsewhere in Latin America because they practised hand milking, owned cows with no more than 50% Holstein germplasm, and raised male calves to marketable weights on the farm.
Linear programming techniques have frequently been used to assess nutritional aspects of tropical cattle production systems (Gutierrez Aleman et al., 1986; Franco, 1987; Teitzel, 1991) . We emphasized modeling nutritional characteristics of the system based on evidence that nutrition often represents the principal limitation to increased system productivity and profit. Rather than use feed and animal nutrient re quirements developed for temperate climates, we developed feed and animal parameters more specific to Sur del Lago conditions. In contrast to most other studies, we accounted for variation in feed nutritive values and animal requirements due to diet composition.
The LP model represents a 3-year cow replacement cycle in six peri ods. Each year is divided into a 9-month rainy season and a 3-month dry season to account for variation in forage quality and availability. The model simultaneously allocates farm forage and purchased feed resources among calves, heifers, steers, and lactating and dry cows. The structure of the model, although specific to the system in the Sur del Lago, is adaptable to dual-purpose systems elsewhere in Latin America.
Model objective function
The LP model maximizes discounted herd net margin (total revenues from milk and animal sales less variable costs for feed, labor, animal health, and reproduction). Net margin was discounted to account for the opportunity costs of resources used in dual-purpose production. We treated farm assets other than cattle (land, buildings, equipment, etc.) as predetermined over the 3-year model horizon; costs associated with farm assets are treated as fixed (sunk) costs. Overhead costs are thus omitted from the objective function.
Model activities
The LP model includes four categories of activities: animal inventory, feed and nutrition, other farm inputs, and farm outputs. Animal inven tory activities (the number of animals in a period) are specified for 10 age-sex groups (Table 2) . Three animal inventory activities per period represent the negative and positive energy balances for cows during lactation and post-lactation. Seven animal inventory activities per period for calves, heifers, and steers are specified based on animal age. Herd size and composition are thus determined by the model. Feed and nutritional activities comprise forage production, purchases of supplemental feeds, and mobilization and repletion of body tissues by cows (Table 2 ). Forage production activities allow the model to select the optimal combination of fertilized and unfertilized grasses on a fixed allocation of well-drained and wet soils. Supplemental feed activities included commercial concentrate commonly used on dual-purpose farms in the Sur del Lago in 1987 and 1988, as well as locally available supple ments such as molasses, urea, and cassava root (referred to subsequently as 'alternative' feeds). Mobilization and repletion of adipose and protein tissues by cows are included because the dynamics of body tissue are a physiological reality in some tropical situations (Neidhardt et al., 1979) , and because Reyes et al. (1981) found that management of body tissue dynamics could improve farm profitability.
Other farm input activities include hired labor for animal care and pasture maintenance (separated into milking and managerial/seasonal labor based on wage rates), and fertilizer and herbicide for forage pro duction. Milk and animal sales activities, the latter specified for each of the animal groups, permit the model to determine the optimal combina tion of milk and beef output.
Although Holmann (1989) surveyed farms without crop enterprises to simplify the assessment of livestock enterprises, cropping is typically unim portant on dual-purpose farms in the Sur del Lago region. Therefore, no cropping activities are included in the LP model. No activities are specified for operating loans or other farm credit because a prototype model indi cated that such activities would not form part of the optimal solutions.
Model constraints
The LP model includes constraints on animal nutrition, farm resources, herd structure, and resource balances ( Table 2 ). The nutritional and herd structure constraints employed here have not been used in previous stud ies of dual-purpose cattle systems but are key determinants of model out comes (and are outlined in detail in Appendix 1). Nutritional constraints require that optimal diets satisfy animal requirements for energy and protein subject to restrictions on intakes of neutral detergent fiber (NOF) and dry matter (OM). In addition, constraints specify a minimum pro portion of NOF in the diet from forage sources in diets for cows, heifers, and calves. The protein content of supplemental 'alternative' feeds is con strained to avoid depletion of rumen nitrogen. Constraints on tissue mo bilization and repletion ensure that adipose and protein body tissues mobilized by cows during early lactation are repleted prior to the next parturition.
Herd composition constraints permit the model to select the optimal combination of animal inventory and animal sales consistent with extant patterns of cattle reproduction (Appendix 1). Although cow numbers are assumed constant for all model periods, the optimal number of cows is determined by the LP model. Calf numbers, cows culled, and replace ment heifers are related to cow numbers. Transfer and animal sales con straints together maintain appropriate relationships among numbers of calves, heifers, and steers for the six model periods; these constraints are based on herd reproductive performance and optimal animal sales.
Farm resource constraints include total pasture area (350 ha), land area sown in water-tolerant species (40% of the total; areas of many dual-purpose farms in the Sur del Lago are subject to seasonal flooding), and capacity of the farm to use supplemental feeds.
DEVELOPMENT OF MODEL TECHNICAL COEFFICIENTS
Survey data from Holmann (1989) provided many of the technical coeffi cients on input and output prices, herd management practices, herd pro ductivity and reproductive characteristics, and labor requirements. Animal growth, forage yield and composition, and tissue dynamics coefficients were from the agronomy and animal nutrition literature. A summary of assumptions, sources, and methods for selected technical coefficients is pre sented in Appendix 2; the complete discussion of LP technical coefficients is found in Nicholson (1990) . However, our development of feed and animal technical coefficients merits further discussion here.
Feed and animal technical coefficients
Empirical relationships developed in temperate climates for feed nutritive values, feed intakes, and metabolic efficiencies often are employed to pre dict nutritional outcomes and performance for tropical cattle. Differences in feed quality, feeding practices, breed-related factors, and environmen tal conditions between temperate and tropical regions, however, can cause temperate relationships to predict animal performance inaccurately in tropical settings (Van Soest, 1987) . Thus, we viewed the development of feed nutritive values and animal nutritive requirements better charac terizing the Sur del Lago production environment as a necessary pre cursor to development of the LP model. Accordingly, we adapted the Cornell Net Carbohydrate and Protein System (CNCPS) to estimate feed nutritive values and animal nutrient requirements for the Sur del Lago production system. The CNCPS is a cattle nutritional simulation model that estimates metabolizable energy and protein available from feeds; separate CNCPS sub-models of main tenance, growth, lactation and gestation predict animal performance. The CNCPS had previously been validated for temperate dairy and cow calf production Russell et al., 1992; Sniffen et al., 1992) .
The CNCPS requires more detailed animal and feed characteristics than other predictive systems (e.g. Kearl, 1982; National Research Coun cil, 1988) and it can more readily account for differences in animal and feed characteristics between temperate and tropical settings. To adapt the CNCPS, we developed and modified animal and feed information for the Sur del Lago based on literature from Venezuela and other areas in tropical Latin America. Adaptation of the CNCPS model is described in detail in Nicholson et al. (in press) .
Predicted metabolizable energy (ME) values for commercial concen trate, molasses, urea, cassava and two tropical grasses ranged from 7·8 to 12·49 MJ/kg dry matter (DM), and predicted metabolizable protein (MP) values were between 91 and 179 g/kg DM (see Table 3 , which also includes assumed forage yields and costs per unit ME and MP). We developed in take limits for NDF and DM for crossbred animals by integrating empirical relationships from Reid et al. (1988) and Williams et al. (1989) (see nutritional assumptions in Appendix 2). Requirements for ME and MP per period for all animal groups are presented in Table 4 , which also contains assumed animal weights and DM intake. However, animal requirements used in the LP model varied depending on diet composition using an iterative procedure described below.
ITERATIVE PROCEDURE FOR EVALUATING CATTLE DIETS
Animal nutrient requirements and the nutritive value of forages and feeds vary depending on the composition of the diet, environmental con ditions, and animal characteristics . Variation in feed nutritive values and animal nutrient requirements with diet composition is particularly troublesome in a linear programming formulation because it implies violation of the standard assumption of invariant nutritional coefficients for the LP matrix. Accordingly, we used an iterative procedure between the CNCPS and the LP model to ensure that optimal diets were consistent with the animal nutrient requirements and feed nutritive values used to generate them. Initial nutrient requirements and nutritive values were determined with the CNCPS, then were modified based on the optimal diet composi tion selected by the LP model for each group of animals (Fig. 1) 
MODEL SCENARIOS AND VALIDATION

Model scenarios
We developed a number of versions of the LP model to assess different nu tritional management strategies, resource availabilities, and input-output price scenarios. In this paper, we refer to results from a baseline (B) model simulating the use of commercial concentrate consistent with common prac tice in the Sur del Lago in the late 1980s (2 kg concentrate per lactating cow per day regardless of production or days in milk). We also discuss three variations of a model formulation permitting use of concentrate and other supplemental feeds (molasses, urea, and cassava), termed the Alternative Feeds formulation (AF). Modifications of the AF formulation permitted us to emphasize the impacts of restricting labor availability and changing input and output prices on the profitability of dual-purpose farms.
The relationships between labor availability, farm productivity, and profit are important because most labor on dual-purpose farms in the Sur del Lago is hired. Turnover rates as high as 80% per year have been reported (Holmann, 1989) , and farm managers hired by absentee owners often maintain extra laborers to protect themselves from turnover, worker absences, and injuries. The widespread use of commercial concen trate may also reflect managers' desires to minimize the number of labor ers in light of the difficulties in retaining workers (J. Afonso, personal communication). Consequently, we modified the AF model formulation to develop a restricted labor model formulation (RL) that limited total hired workers to the mean for the 22 farms in our sample, that is, 12 milking workers.
Dramatic changes in the prices of inputs and outputs faced by dual purpose producers occurred from 1987 to 1989 because of changes in government price policy (Table 5) . During this period, for example, fertilizer subsidies were reduced and devaluation of the official exchange rate more than doubled the cost of commercial concentrate. Partly to offset these cost increases, the government-controlled producer price of milk was increased 84%. To assess the impacts of these policy changes, we modified the AF model to examine the effects of changing prices on optimal resource use and net margins to producers in a formulation designated the Price Policy Changes (PPC) model.
Model validation
McCarl & Apland (1986) propose a formal process to validate pro gramming models. Their process includes validation by construct (use of a priori information to assure representative solutions) and by results (experiments to test the robustness of model solutions). Our validation procedure relied heavily on validation by construct, that is, we sought to develop a model structure and technical coefficients consistent with the underlying processes of the dual-purpose production system. To assess the representativeness of our model structure and technical coefficients, we compared LP model predictions for two key productivity measures, stocking rate (animal units/ha) and milk produced per ha per year, with their mean and variation for the 22 Sur del Lago farms (Table  6 ). Stocking rates predicted by all four LP models are within the range observed for the 22 farms. Milk production per ha per year exhibits a similar pattern. Stocking rates and milk per ha predicted by the B, AF, and ppe model formulations lie within the highest quintile of survey farms for these measures, and thus appear more representative of high productivity Sur del Lago farms. The RL formulation yields predictions in the lowest quintile of these measures, and thus appears more represen tative of lower productivity farms. Because the LP models predicted farm productivity consistent with the range exhibited by the 22 farms sur veyed, we concluded that model solutions were reasonably representative of the dual-purpose system. 
MODEL EXPERIMENTATION AND SIMULATION
Nutritional factors in the dual-purpose system
The results from our baseline model support the a priori hypothesis that nutritional factors represent major limitations to increased system pro ductivity and profit. Adequate consumption of ME subject to NDF and DM intake consistently restricts increases in herd productivity and net margin; ME is a consistently binding constraint for all animal groups and model periods. Metabolizable protein, however, was binding only for lactating cows and not for all model periods. In addition, mobiliza tion and repletion of adipose and protein tissue in lactating cows consis tently form part of optimal LP solutions. The management of tissue dynamics for dual-purpose cows should thus receive greater emphasis than it has previously in assessing and formulating nutritional manage ment strategies for dual-purpose herds.
Assessing the impacts of resource and price changes
We applied the LP model of dual-purpose production to answer resource and price policy questions, selecting three criteria to assess the impacts of restricting labor availability and the price changes brought about through government policy. Patterns of land use on dual-purpose farms, financial measures, and the sensitivity of the dual-purpose production system to changes in the producer milk price provide a cross-section of measured impacts that are potentially important to dual-purpose producers and government policy makers.
As discussed previously, improved land management and productivity has the potential to increase milk and beef production while simultane ously easing pressures on the limited land base of Latin American coun tries. Farm profitability provides an indication of future supplies of milk and beef; higher profitability should result in increased production on ex isting farms, and the potential for supply by new entrants. Profitability also measures producer welfare (although this is less applicable in the case of absentee land owners) and indicates the impacts and effectiveness of government policy when input and output prices are controlled. Knowledge of the responsiveness of dual-purpose farms is potentially important to policy makers seeking to balance domestic production and imports of milk and beef.
Land use patterns
All LP model formulations included activities for land not used in the grazing rotation. These activities were analogous to slacks in the total land use constraints, and had zero objective function coefficients. Land use patterns for the four LP model formulations correspond to the six periods used to describe the 3-year cow replacement cycle.
All land for pasture production was used during the rainy season in the B, AF, and PPC model formulations; land was consistently in excess during the dry season and for the RL model formulation (Fig. 2) . Com pared to the baseline (which represents common management practice in Sur del Lago in 1988), the AF formulation predicted that more land could be profitably grazed during the dry season. Thus, our models indi cate that alternative feeds can permit more intensive dry-season use of land. Grazing an average of 267 ha during the dry season (76·3% of the total available) was optimal for the AF formulation, whereas slightly less dry-season grazing (250 ha, 71·3%) was optimal for the PPC formulation. The pattern of excess dry season land predicted by our models is the in verse of that more typically observed in the wet-dry tropics of Latin Amer ica, because fertilization (which occurs in the dry-season in the Sur del Lago) boosted yields of energy and protein from forage. In contrast to many other regions in Latin America, soil moisture seldom limits dry-sea son forage growth in the Sur del Lago, although soil moisture can be exces sive during the rainy season. Thus, in contrast to other tropical areas, rainy season production of forage limited productivity of the land resource.
Restricting labor availability markedly decreased the use of the land resource; excess land of 49-76% (171-265 ha) occurred in all model peri ods (Fig. 2) . This implies that labor availability and turnover may limit the productivity of land on some dual-purpose farms. This result is con sistent with anecdotal evidence presented by Holmann (1989) for this re gion of Venezuela concerning labor turnover. Relatively small differences in land use existed between the AF and PPC model formulations, indi cating that the price changes had a relatively small effect on land use compared to the baseline AF scenario.
Although intuitively it may seem less profitable to graze only part of the complement of land in the dry season, interactions between grazing intensity and forage quality support our results. The greater productivity of fertilized forage during the dry season implies that more grazing pressure is necessary to maintain the energy and protein levels of the forage (which were fixed in our model). Because herd structure constraints dictated roughly equal ani mal inventories in all model periods, rainy season nutritional supplies ulti mately limited herd size. Thus, the model predicts fewer animals than necessary to completely consume the more plentiful dry season forage nutri ents. However, if all land were grazed in the dry season, forage quality and animal performance likely would be less than those we specified.
Financial measures
Herd net margin and revenues from milk and beef sales provide an indi cation of the relative incentives dual-purpose producers perceive under differing feeding strategies, resource availabilities, and prices. The, AF model generates the largest herd net margin of models using prices (Table 7) ; herd net margin is 16% larger for the AF formulation than for the Baseline. Thus, a nutritional management strategy using molasses and urea appears to increase farm profitability relative to feeding 2 kg of commercial concentrate per cow per day. The RL formu lation generates dramatically reduced herd net margin relative to the AF formulation, emphasizing the importance of labor availability to the Sur del Lago dual-purpose system. Comparisons of the AF and PPC model formulations assess the im pacts of the 1989 price changes. Herd net margin increased by 45% under 1989 prices compared to 1987-88 prices (represented by the AF model). Thus, the policy changes appear to provide additional incentives to dual-purpose producers relative to previous price policies. However, high inflation in Venezuela (87% in 1989) implies that the purchasing power of predicted increases in net margin may have declined rather than increased after the price changes were implemented.
Prices of most inputs increased by more than prices for milk and beef under the new price policies; this is especially true for feed inputs (Table 5 ). In part because the price of milk increased by more than the price of beef, our model predicts that dual-purpose producers would devote relatively more resources to milk production under the 1989 prices. Milk production and the percentage of revenues from milk are larger for the PPC model than for the AF model; the new price policies thus appear to provide an in centive for increased milk production. Increased feed costs as a percentage of variable costs-from 38% under the AF formulation to nearly 44% under the PPC scenari(}-------also reflect higher feed prices and increased use of resources for milk production.
The relative incentives for milk and beef production, and the flexibility in use of resources on dual-purpose farms, are illustrated by the percent age of revenues from milk and beef in each of the four model formula tions. For the RL scenario, revenues from milk and beef were much more nearly equal than for the AF scenario, a result driven by the relative labor intensity of dairy compared to beef production. The RL model indicates that dual-purpose producers would adjust to labor scarcity by increasing beef production, which is less labor intensive, and would simultaneously lower feed costs as a percentage of all costs. The increase in the price of milk relative to beef, simulated with the PPC model formulation, indicates that dual-purpose producers would increase milk revenues relative to beef revenues (Table 7) , thereby maintaining higher total revenues and net margin than if the original milk-beef mix were maintained under the new prices. Thus, the model formulations predict producer behavior consistent with the changes in relative prices of milk and beef.
Response to changes in producer milk price Ranges of optimality (the values of input and output prices for which a given model solution remains optimal) derived from an LP model are one measure of production system responsiveness. We examined ranges of optimality for milk prices during rainy and dry seasons for the four LP model formulations (Table 8 ). In the AF and PPC models, an increase as small as 0-03 Bs in the milk price would induce a change in the optimal solution. Although the range of optimality alone does not indicate the magnitude of any production shift in response to a price change, it does indicate that the production system as modeled by the AF and PPC formulations is highly responsive to small price changes. Both the Band RL scenarios are less responsive to changes in milk prices, the former due primarily to rigidities implied by concentrate-only feeding, and the latter due to restrictions imposed on the system by lim ited labor availability. Milk price changes of 24 to 75% were required to produce a shift in optimal farm management. Thus, the 84% actual in crease in milk price in 1989 would imply a change in optimal manage ment, even with the restrictions on the amount of hired labor.
CONCLUSIONS
Results from our analysis indicate that alternatives to traditional nutri tional management--especially the increased use of locally available feeds such as molasses and urea-appear to be profitable and nutrition ally feasible. Moreover, the benefits of using locally available feeds are multi-faceted. Increased intensity of land use, permitted by improved nutritional management, may help slow increases in land area required for cattle production, decrease the use of imported feedgrains, and benefit consumers by increasing milk and beef production.
However, our results also show that the benefits of adopting alterna tives to current nutritional management depend crucially on labor market factors, specifically, labor availability for milking and pasture management on dual-purpose farms. Limiting the availability of hired labor in our model-based on observed market outcomes in western Venezue1a-dramatically reduced milk production, farm profitability, and the intensity of land use compared to models without restrictions on the availability of workers. Further research on labor turnover and retention in western Venezuela could help clarify the key labor market constraints.
Our stylized treatment of the changes in price policy that occurred from 1987 to 1989 indicated that a representative farm would increase milk production slightly and receive a larger percentage of total revenues from milk sales. However, there is a lack of empirical evidence on struc tural changes in the Venezuelan dairy sector after the wrenching price policy changes of the late 1980s. A follow-up study of farm management practices, location characteristics, and profitability would provide useful information to policy makers concerned with the responsiveness of the dual-purpose system to further policy changes.
The structure and technical coefficients of our LP model could readily be modified and (or) expanded to analyze other dual-purpose production sys tems in Latin America. Climatic conditions, as well as economic and policy environments, differ markedly among countries and within regions of Latin America. Thus, it is important to examine to what extent the results of this study apply to other production systems and policy environments. Policy makers in Latin American agriculture often have identified increased domestic milk and beef production, increased rural employment, and protection of environmentally sensitive lands as policy goals. Our model results suggest that alternatives to traditional nutritional manage ment strategies on dual-purpose farms could contribute to achieving those policy goals; these alternatives may permit more intensive land use, thus increasing production and farm profitability while reducing incen tives for new land clearing.
